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Although the repetitive subsea gas releases incidents occurring in the offshore oil and gas industry, 
the attention is limited to a case-by-case study; leading to quantitative risk assessment approaches 
that are limited to similar cases. A subsea gas release can result from a range of different causes 
including drilling operations; failures in flow lines, gas export lines, and subsea equipment. Such 
releases can have catastrophic impacts on the environment, offshore platforms, and human lives. 
Natural gas, in general, and in the Middle East, covers a large portion of the world supply and, 
consequently, this type of incidents could pose a significant risk for the related and nearby 
facilities, like Hydrogen Sulfide (H2S). For example, 40% of the natural gas reserves in the world 
are sour gas fields in which the Middle East holds the highest reserves of sour gas. While many 
approaches have been proposed for the description of underwater/subsea releases, these are not 
universal and still include deficiencies concerning plume turbulence, hydrates formation, and high 
flowrates water bodies. According to Olsen, 2015, experimental data for underwater releases exist 
but are also limited to small and medium scale (compared to the actual depth and flow rate). In 
this study, we investigated the available computational methods to model subsea gas releases cases 
applicable to the ones of the offshore facilities at the State of Qatar. An Eulerian based 
computational fluid dynamics (CFD) model was configured in order to study representative gas 
release scenarios. Earlier, the CFD model was validated successfully against experimental data 
from SINTEF and Statoil. It also demonstrated the required sensitivity for critical parameters such 
as the centerline distribution of velocities and void-fraction. Finally, the model was applied for 
conditions specific to Qatar’s offshore industry as a representation of shallow water and a 





H2S presence. Finally, a discussion on the potential risk level is given concerning fire & explosion 
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1  INTRODUCTION  
 
In the context of the current increase in worldwide offshore production of shallow sour gas 
reserves, there is a growing concern associated with the risks posed by the release of natural gas 
resulting from the rupture of subsea pipelines. Such release could contain toxic and flammable 
gases that can pose toxic exposure and fire and explosions issues if it reaches the surface of the 
sea. Therefore, risks associated to them must be properly addressed and controlled as they can 
have potentially disastrous consequences.  
Subsea gas release, i.e., an uncontrolled release of fluids from a wellhead or wellbore after pressure 
control systems have failed, has been the source of major concern for the offshore oil and gas 
industry. The quantification of the risks associated to subsea gas releases require the understanding 
of the governing physics and the significant parameters that effects the subsea dispersion of gas 
resulting from a gas release - which is associated with a number of complex phenomenon like 
turbulence, gas dissolution, hydrates formation etc.-  to improve the quality of risk assessment. [2].  
 
1.1 Risk Assessment  
 
Subsea gas releases have numerous potential causes that pose a threat to the offshore platform. It 
can happen during drilling or production from subsea wells, by the loss of barrier control and by 
corrosion, erosion, and malfunction in valves and process units, e.g. flow lines & risers [3]. The 
risks associated to them must be properly quantified and controlled as they can have potentially 
disastrous consequences. In the context of the current increase in worldwide offshore incidents, 





the rupture of subsea pipeline. The quantification of the risks associated with underwater releases 
requires the understanding of the complex behavior of the bubble plume from an underwater gas 
release. A review organized by the Norwegian Petroleum Safety Authority (PSA) in 2006 
concluded that lack of understanding of subsea dispersion and surface flux is a limiting factor in 
the consequence modeling.  
 
Risk can be defined as “A measure of human injury, environmental damage, or economic loss 
in terms of both the incident likelihood and the magnitude of the loss of injury” [4]. In a 
subsea gas release, the likelihood of having a release can be determined from the failure rates of 
valves and pipelines. These data can be found in various databases (ex, OGP risk assessment data 
directory, European Gas Pipeline Incident Group “EGIG” & United Kingdom Onshore Pipeline 
Operators Association “UKOPA”) [5]. On the other hand, the magnitude of the subsea gas release 
can be quantified using consequence analysis. That includes different methods (e.g. source, 
dispersion and consequence modeling). The consequence modeling deals with the quantification 
of the severity of the consequences resulted from the Loss of Primary Containment (LOPC) (e.g. 
toxic releases, fire, and explosions) after the failure of the preventive barriers [6]. The consequence 
analysis of subsea gas releases does not help in the hazard identification and the risk analysis only, 
but it helps in preparing the emergency response plan which is part of the emergency management 
and incident investigation, two of the main pillars of Center for Chemical Process Safety (CCPS) 













1.2 Subsea Releases Safety Records  
 
The attention towards improving the consequence modeling of subsea releases came after the 
repetitive major incidents that occurred in offshore oil & gas industry which resulted in significant 
human and economic losses. Three subsea incidents are presented below.  
 
1.2.1 Al Baz (1989) – Nigeria 
 
A blowout resulted while the drilling operation was conducted in Al Baz field. The gas liberated 
from the blowout ignited, causing the death of the derrick man. Four other crew members died 
from impact due to injuries and drowning after jumping overboard to escape the fire. The rig 
subsequently sank into the sea. “It was a shallow gas blowout that the diverter system could not 





sand ignited the gas, with the flames under the cantilever deck” said by one of the off shift drillers 
















1.2.2 Jotun A (2004) – North Sea 
 
On 20th of August, 2004, at 11:20 am, there was a pressure drop in the gas export pipeline inlet 
from the Jotun field. The pressure drop happened as a consequence of 6 inches’ breach in the 





The consequences were limited. The investigation identified a barrier failure related to the 
installation of the gas export system. The incident was handled in a cooperative effort by 
ExxonMobil, Gassco, and Statoil. The estimated release rate based on process data was 7 Sm3/s or 









1.2.3 Barzan field (2016), Doha, Qatar  
 
Qatar has delayed the start-up of its Barzan Gas project because of a leak discovered in a subsea 
gas pipeline. According to an engineer working in the project, “There was a gas leakage in one of 
the project’s upstream pipelines, the impact of which is still being assessed”[7]. Leaks in gas 
pipelines can cause damage to the environment and be challenging to fix, especially if the pipeline 
















2  LITERATURE REVIEW 
 
Offshore gas platforms produce natural gas from reservoirs. When a subsea release takes place, 
buoyancy places an important role as the main driving force to the dispersion of the plume. As the 
flow rate increases, the force resulted from buoyancy increases as well [3]. This chapter will give 
an insight on the governing physics behind the buoyant bubble plume, plume zones and the 
parameters affecting the dispersion of the plume. In addition, consideration of hydrates formation 
and gas dissolution resulting phenomena will be discussed in this study. The resulted bubble plume 
from the release will be referred to as a dispersed phase. On the other side, the water and the 
atmospheric air will be referred to as continuous phase.   
 
2.1 Plume Zones  
 
The release of air/natural gas at some depth in a body of water causes the formation of bubble 
plume. When the release is high enough it gives rise to a large-scale circulation which is called the 
turbulence. The buoyant bubble plume resulted from a subsea gas release passes through three 
main zones of interest as the gas moves towards the surface.  
 
2.1.1 The zone of flow establishment  
 
Depending on the velocity of the release the bubble plume can disperse as bubbling jet (non-





[8]. This zone is dominated by the momentum of the released gas, the formation of the gas jet or 
the bubble jet. The degree of the bubble formation is governed by the high degree of the turbulence. 
 
Figure 6 and Figure 7 below illustrate different bubble plume zones and the terminologies 




















2.1.2 The zone of established flow 
 
The jet breaks into a full bubble plume and the gas rises as a dispersed bubble due to buoyancy, 
where other mechanism appears and are responsible for the movement and spreading of the 
bubbles, e.g., turbulence and the gas dissolution [2]. The acceleration occurs due to the drag force 
exerted from the dispersed gas that transfers to water. Due to the drag force effect, the water starts 
to move with the bubbles formed by creating a motion called “entrainment of liquid 
fragments”[11]. The gathering of the bubbles along the vertical distance forms the bubble plume 
in the accelerated water which pushes against the water and travels more slowly to the surface. 
This acceleration is initiated by the first bubbles [3], [8]. The following bubbles experience an 
additional upwards force due to the water motion generated by the first bubbles. Some of the new 
bubbles catch up with the first formed bubbles, which cause an accumulation of bubbles in front 
of the rising plume. This accumulation is known as a bubble cap. The result of the movement of 
the water column reduces the momentum few meters from the release source point [8], [12].  
 
2.1.3 The surface zone 
 
As the gas covers the water surface, it is released into the atmosphere [2]. The entrained water, 
unlike the released gas, cannot escape to the atmosphere, however, it disperses on the horizontal 
surface dragging some of the released gas away from the bubble plume [11]. The gas continues to 
escape to the atmosphere creating a “boil zone” which is a surface disturbance. In the surface 
interaction zone referred to in Figure 7, due to the entrained water momentum, the water elevates 





2.2 Effect of the Release Depth  
 
The release depth of the gas is one of the main parameters that is needed to be considered while 
analyzing the bubble plume. According to Innomar [13], the sea water depth is classified as either 
shallow or deep. Shallow depth falls between the ranges of 25 to 350 m [14]. The main interest of 
the project is to focus on releases in shallow stratified waters (ex, Arabian Gulf). Apparently, the 
maximum depth of the Arabian Gulf is 90 m with an average depth of 50 m [15]. The range of 50 
– 90 m falls always in the shallow water range specified by Innomar. 
 
The classification of shallow/deep depth of seawater arises due to the change in the formed bubble 
plume properties like gas volume, density and the ideality of the gas behavior and the resulted 
phenomena like hydrates formation, stratification and gas dissolution when the subsea gas 
dispersion takes place [2].  
 
2.2.1 Effect of depth on density and gas volume  
 
Down at the seafloor, pressures are much higher and temperatures much lower than in the upper 
water column. This is due to an increase in hydrostatic pressure, the force per unit area exerted by 
a liquid on an object. The deeper the depth, the greater pressure of the water pushing down on the 
object according to the following equation. [16]. 
𝑷 = 𝑷𝒂𝒕𝒎 + 𝝆𝒈𝒉                                                                                                                Equation 1 
 
Due to the increase in pressure, the density will change as it varies significantly with pressure and 





[17]. The physical representation of the pressure-dependent density is applied to the gas expansion 
as it rises to the surface. The volume of the gas doubles in the last 10 m below the sea surface. As 









2.2.2 Effect of depth on the ideal gas behavior 
 
Another significant implication that must be considered in this study is the way the gas is treated 
either as an ideal or real gas. According to [2], [17], [18], the greater the depth the less accurate 
the consideration of ideal gas behavior. The bigger the depth, the greater the pressure that will 
affect the equation of state used. However, as indicated in Figure 9 the relative errors resulted 
when using the ideal gas law for methane a depth of 500-750 m (Norwegian Sea depth) is 














However, in case of shallow waters, the error is negligible. For example, considering the maximum 
depth of the Arabian Gulf of 90 m, the error associated is approximately 1.5% and it will be further 
lower while considering the average depth of 50 m. Thus, in the Arabian Gulf shallow water case, 
the ideal gas behavior can be used. Various integral models were developed for shallow depth 
based on this assumption and they showed a good agreement with experimental data [2], [13], 
[18], [19]. 
 
2.2.3 Hydrates formation 
 
Hydrates formation is a serious issue that may occur during the subsea gas dispersion. Subsea 





hydrates formation based on many parameters like the rise of temperature, a decrease of pressure 
or subsea release at high depths [20] [21]. Figure 10 shows the implications of hydrates formation 









According to a study done by U.S Department of Energy in the National Energy Technology 
Laboratory (NETL), when a subsea gas release takes place, the possibility of hydrates formation 













In phase 1, which is referred to as the dense phase, the possibility of hydrates formation to happen 
in this zone is high due to the elevated gas concentration and to the low temperature of the cold 
deep ocean [20].  
 
Phase II: the dispersion of the gas will start with minimal bubbles interactions. If the hydrates 
formation conditions are satisfied, it is likely for the hydrates to form in this zone [20].  
 
Phase III, there will be no bubbles interaction, the bubble plume will start to disperse and the 






Phase IV and Phase V, the hydrates begin to melt and starts to disappear. The gas will escape to 
the surface and disperse to the atmosphere. Depending on the water temperature and the released 
gas pressure/velocity, methane hydrates in subsea releases operations can be found beyond 









A thermodynamic analysis was done by SINTFF to determine the hydrate equilibrium line for 
methane in sea water. According to Figure 13, methane hydrates were found to be formed below 













Although the hydrates line is a necessary a sufficient condition for hydrate growth, it can be formed 
as a thin hydrate shell on the surface of the bubble generated. However, hydrates formation 
phenomena will not be taken into account in this study as 600 m does not represent the region that 
the case is built on [18]. 
 
2.2.4 Stratification  
 
In multiphase bubble plumes, the gas bubble may get separated from the ongoing plume due to the 
water stratification. The stratification in this study can be defined as a specific water mass or a 
specific cross-section volume that has different properties, e.g., temperature, density and salinity 





can be affected by the layers formed with different water densities due to the stratification effect, 









In this study, stratification will not be considered. This thesis assumes constant density, 
temperature and pure water along the depth. 
 
2.2.5 Gas Dissolution  
 
Dissolution is a mass transfer mechanism driven by the difference of solubility concentrations of 
gas components and concentrations of already-dissolved gas in the surrounding water. It can be 





?̇?𝑖 = − 𝜋𝑑𝑏
2𝑘𝑖(𝑐𝑖
𝑠𝑜𝑙 − 𝑐𝑖
𝑙)                                                                                                   Equation 2 
Where, ?̇? i refers to the mass transfer rate of gas component i, db is the bubble diameter, ki is the 
mass transfer coefficient, ci
sol is the solubility and ci
l is the concentration in the surrounding liquid 
(water) [2] [3] 
 
In deep water releases, the driving force of the bubble plume –buoyancy- can be vanished due to 
the dissolution phenomena which is strongly dependent on the sufficient rise time of the bubble 
plume in the body of water [11]. As the rise time increases, the gas dissolution increases as well. 
According to the above mentioned equation that is used to calculate the relative gas dissolution by 
SINTEF and summarized in Table 1 [3], the results show, that at 30 m, and a release rate of 10 
kg/s, the gas dissolution percentage was found to be 0.3% compared to almost 100% in 300 m at 




Table 1: The relationship between the gas dissolution and the subsea release depth Reprinted from [3] 
 
  
30 m 300 m 
1 kg/s 10 kg/s 10 kg/s 100 kg/s  
Rise time (s)  18.7 8.1 502.3 169.3 
Mean residence time (s)  18.2 9.6 369.8 170.1 
Surface flux (kg/s) 0.93 9.97 0.12 19.2 
Relative gas dissolution (%) 6.7 0.3 98.8 80.8 




Thus, it can be concluded that the gas dissolution has negligible effect in shallow water. The gas 





2.3 Modeling of subsea gas releases 
 
With the increase in the number of offshore incidents, understanding subsea gas releases is 
mandatory in the incident investigation – a pillar in the risk-based process safety management 
CCPS – and since simulating the real cases, especially for high depth is, extremely expensive, 
computer-based mathematical models became the most effective research tool to understand and 
to investigate the dispersion of subsea gas releases. Integral models and computational fluid 
dynamics (CFD) models are two methods used to model subsea gas releases. Integral models use 
sets of governing equations that are based on an integral over the width of the profiles making the 
plume models one dimensional with respect to ocean depth. On the other side, CFD models are 
mathematical models solving the full transient and 3-D Navier-Stokes equations for momentum 
conservation. CFD techniques are used to solve for the density, velocity, pressure and 
concentration distribution for the subsea gas releases. 
 
2.3.1 Ditmars and Cederwall (1970) 
 
In 1970, Ditmars and Cederwall developed an integral model to predict the plume width, velocities, 
and induced flow rates as a function of elevation above the source taking into account the gas 
compressibility factor. The model assumes the only driving force is the buoyancy and the gas 
density follows the Boussinesq approximation. The rate of entrainment at the edge of the plume is 
proportional to the velocity at that height. However, the model was not able to describe the 
horizontal spreading of the plume and the behavior of the plume near and at the surface. In 





The model was validated against an experimental study –an air bubble plume study- done by 
Kobus for small depths of 2 m and 4.5 m. The experimental observation of bubble plume 
distribution and the integral model did not provide any information on the surface effect. Yet, the 
model was clearly developed for describing a simple plume driven by buoyancy only. [24] [19] 
 
2.3.2 Fannelop & Sejon (1980) 
 
In 1980, Fannelop and Sejon developed an integral model that describes the gas expansion along 
with the decrease of the hydrostatic pressure. The model studied the influence of variable buoyancy 
on the other plume parameters. In addition, it modeled the interaction on the free surface resulting 
in a radial surface layer. The model assumes the mass flow of the gas is constant along the vertical 
depth and the density change is described by the variation along the vertical distance by a 








𝑛                                                                                                                  Equation 3 
The radial distribution of both velocity and density was assumed to have a Gaussian behavior 
according to the following equation.  





                                                                                                      Equation 4 
 
Where ?̅? is water density, r is the radial distance from the plume mid-point, z is the vertical 
distance from the point source of the release and b is the buoyancy profile width. The model in 











                                                                               Equation 5 
 
Where 𝜆 refers to the ratio between the buoyancy and the momentum profiles  [9], [10].  
 











2) = 𝑗 
∅(𝑧)
𝑤
                                                                                                               Equation 7 
where, 𝑗 = 𝜆2       &       𝑤 = (𝜌0 − 𝜌) in case of the tophat  profile                                  Equation 8 
and  
𝒋 = 𝟐(𝟏 + 𝝀𝟐)   𝒂𝒏𝒅   𝒘(𝒓, 𝒛) = 𝒘𝒎(𝒛)𝒆𝒙𝒑 (−
𝒓𝟐
𝒃𝟐
) in case of the Gaussian  profile        Equation 9 
 
The model performance was satisfactory up to 10 meters in depth, however, this model failed to 
describe the dispersion of subsea gas releases from longer depths and high flow rates. Yet, both 
authors concluded that the further experimental work is required for the better assessment of the 
applicability of the model. [9] 
 
The authors concluded that the developed equations had described both zone of the flow 
establishment and the zone of the established flow. However, the accuracy of the equations 
developed for the surface zone is very poor. The difficulty arises because of the unpredicted 






2.3.3 Milgram (1983 & 1984) 
 
Milgram proposed an integral model that describes the rise of the bubble plume including the 
interaction of the gas in the surface zone. The authors used Kobus experimental data [25] to 
validate the proposed model. The authors assumed that the model follows the isothermal gas law. 





                                                                                                               Equation 10 
 
where, 𝜌𝑇 is the atmospheric density of the gas. 𝐻𝑇 is the atmospheric pressure head. And 𝐻𝐵 can 
be described by the following equation  
𝐻𝐵 = 𝐻𝑇 + 𝐻                                                                                                                                                Equation 11 




                                                                                                           Equation 12 
The gas volume flux, the momentum flux, and the buoyancy equation were expressed as the 
following respectively:  
𝒒(𝒛) = 𝟐 𝝅 ∫ [𝒖(𝒓, 𝒛) + 𝒖𝒃] 𝒇(𝒓, 𝒛) 𝒓 𝒅𝒓 
∞
𝟎
                                                                      Equation 13 
 
𝑴(𝒛) − 𝟐𝝅𝜸 ∫ {𝒖𝟐(𝒓, 𝒛)𝝆𝒘[𝟏 − 𝒇(𝒓, 𝒛)
∞
𝟎
+ [𝒖(𝒓, 𝒛) + 𝒖𝒃]
𝟐 𝝆𝒈(𝒛)𝒇(𝒓, 𝒛)]}𝒓 𝒅𝒓          Equation 14 
 
𝑩(𝒛) = 𝟐𝝅𝒈 ∫ [𝝆𝒘 − 𝝆𝒈(𝒛)]𝒇(𝒓, 𝒛)𝒓 𝒅𝒓 
∞
𝟎
                                                                       Equation 15 
 
Where, 𝑢𝑏 is the constant slip velocity and  𝛾 is the momentum amplification factor.  
Finally, the entrainment hypothesis was proposed by the following equation,  
𝒅𝑸
𝒅𝒛






The model assumes a Gaussian profile for the velocity and the density behavior. The model was 
validated against an experimental data done by Kobus [25]. The experiment was conducted by 
releasing air at 0.59 Nm3/s in a 50 m in the United States Naval Research Laboratory. The model 
concluded that the Gaussian radial profile proposed was limited only to the zone of the flow 
establishment and the zone of the established flow [26], [27].  
 
2.3.4 Fannelop & Bettelini (1993) 
 
Fannelop and Bettelini [10] used Fannelop & Sejon’s governing equations [9] for the mass and a 
different momentum balance equation. The differences in the models came from the way they 
assume the behavior of the bubble plume, the boundary conditions and the assumption of some 
coefficients [10].  
It was applied by introducing a shape coefficient 𝜑𝑖 for different shapes of plume behavior 















𝟐                                                                                           Equation 18  
 
where 𝛼𝑝 is the entrainment coefficient. The proposed 𝜑𝑖 coefficients were given for both top-hat 





















+ 𝒘𝒔)                                                                                     Equation 19 
 
The model results show a sensitive behavior with varying the entrainment coefficient. On the other 
hand, a variation of other parameters had a minor influence on the solution.  
 
Although the model gave an acceptable representation for the behavior of the bubble plume till the 
zone of the established flow (Figure 6), the model was not able to model the surface zone or to 






2.4 Summary  
 
The research on developing general models to describe the depression of the subsea gas releases 
has been going throughout the last 60 years. Many researchers developed integral models to predict 
the dispersion of the gas in a subsea gas release. However, all of these models were limited to 
modeling the vertical plume and not describing the horizontal dispersion of the gas accurately. In 
addition, the models did not include the interaction and the dispersion of the gas at the surface or 
the effect of sea current on the expansion of the gas. The models focused on understanding the 
governing physics of the subsea gas releases and understanding the parameters and the relationship 
between the plume properties and the resulting phenomenon occurring (e.g. entrainment and 
turbulence). 
 
The integral mathematical approach to develop the above-mentioned models were Eulerian 
integral formulation [28] where the control volume is fixed in space. With the vast amount of work 
performed and presented in this field, there are some resulted phenomena which required better 
understanding e.g. turbulence, horizontal dispersion, and surface interactions. Computation Fluid 
Dynamics (CFD) is more reliable, fundamental, more flexible and possible tool to provide more 
information on the multiphase dispersion of the gas, formation of the plume and the surface 






2.5 CFD Models  
 
In the last 2 decades, with the increase of the computational powers, Computational Fluid 
Dynamics (CFD) techniques and tools have been utilized to model subsea gas releases focusing 
on modeling the surface zone and interactions of the gas on the surface. CFD techniques are now 
used to solve for the density, velocity, pressure and concentration distribution for the subsea gas 
releases. ANSYS Fluent 18.1 will be utilized in this study to propose and develop a general model 
for subsea gas releases in shallow waters.  
 
2.5.1 Moros & Dand (1990)  
 
Moros and Dand model was the first approach to model subsea gas releases using Computation 
Fluid Dynamics techniques. The software used was PHEONICS a commercial CFD software. The 
main objective of the model was to provide an assessment of the capabilities of computational 
fluid dynamics techniques to model subsea gas releases. The turbulence model used was the 𝑘 −  
model. The turbulence model for the liquid phase was the standard eddy viscosity model 




                                                                                                                         Equation 20 
 
The effect of the bubble drag force was included in the momentum equation as an external body 
force. Calculations were carried for a release rate of 10 Nm3/s in 30 m depth. The model was not 






2.5.2 Swan & Moros (1993)  
 
Fluent was used to predict the behavior of the bubble plume resulted from a subsea gas release. 
Swan and Moros constructed a model using another commercial CFD software –Fluent-. Gas and 
liquid phase dynamics were treated separately. The turbulence model used was the 𝑘 −  model. 
However, a modification was added to the turbulence model, by including a term to account for 
the turbulence generation by the bubbles. The gas was treated as it consisted of discrete bubbles. 
A mean bubble size was assumed to be 25 % of the maximum bubble size as calculated by 
following equation [13] [30].  





                                                                                                      Equation 21 
 
Where q(z) is the gas flow rate and g is the acceleration due to gravity.  



















] − (𝜌𝑤 − 𝜌𝑔(𝑧)) 𝑔𝑖    Equation 22 
Where,  
Vi: instantaneous bubble velocity vector  
Ui: instantaneous fluid velocity vector  
x: coordinate vector  
𝜌𝑔(𝑧): gas density  
𝜌𝑤 liquid density  
CD: bubble drag coefficient  
dp: bubble diameter 





𝜇𝑖: liquid molecular viscosity  




 ∑ 𝑭𝒕(𝑽𝒕 − 𝑼𝒕)𝒅𝒕    
𝑵
𝒏=𝟏                                                                                      Equation 23 
 
Where,  
P: total turbulence kinetic energy generated 
∆𝑉: cell volume  
t: residence time  
F: drag force experienced by each bubble 
 
The model was compared against integral models and was able to predict the gas concentration 
and velocity distribution. However, the model needs more modifications in modeling turbulence 
and to improve the discretization scheme (mesh sizing) [13] [30]. 
 
With the increase of computational powers and the knowledge in CFD, engineers started to 
develop models for oil and gas releases. The attention came to include both gas and oil because of 
the increase in offshore incidents resulting in a subsea oil and gas releases [13]. Models developed 
for both oil and gas release are DeepBlow (2000), CDOG (oil spills) in 2004. However, in 2009, 
SINTEF Energy developed a general model for subsea gas releases, focused only on the gas 






2.5.3 Cloete & Olsen (2009-now) 
 
The model proposed to use a combination of Discrete Phase Model (DPM) – an Eulerian-
Lagrangian- that is used tracking of bubbles motion – with and Eulerian – Eulerian Model Volume 
of Fluid (VOF) that model that is used to model the sharp interfaces between different phases.  
 
The model solves the Navier Stokes equation for conservation of mass and momentum. The 
coupled CFD models equations are described below. The mixture density is given by 
𝝆 = ∑𝜶𝒒𝝆𝒒                                                                                                                       Equation 24 
 
The viscosity is the sum of the turbulent viscosity and the molecular mixture viscosity 
𝝁 = 𝝁𝑻 + 𝝁𝑴                                                                                                                     Equation 25 
 
The standard 𝑘 − 𝜖 model is used to model the turbulence. The DPM tracks the discrete bubbles 
by implementing a force balance on each particle  
𝒅𝒖𝒑
𝒅𝒕 
= 𝑭𝑫(𝒖 − 𝒖𝒑) +
𝒈(𝝆𝒑−𝝆)
𝝆𝒑
+ 𝑭𝒑                                                                                   Equation 26 
 
The model was validated against the experiment done by Engebrsten et al [1] in Statoil by SINTEF. 
The model showed an excellent agreement with the experimental data. However, it showed 
deficiencies in predicting the dispersion of the high flowrate releases.  
 
The authors suggested using the RNG 𝑘 −  turbulence model. This model has a better prediction 
of void fractions / volume fractions profiles. Cloete and Olsen concluded the wrong predictions of 
the subsea gas releases model near the surface was due to using standard 𝑘 −  turbulence model 





2.5.4 Others  
 
In 2010, a model was developed by Yapa et al [31] focused on deep releases. The model was 
focused more on the behavior of the bubble plume in the formation of the hydrates formation. As 
the hydrates formation will not be taken into account in this study, the model will not be further 






3  MULTIPHASE & TURBULENCE   
 
3.1 Multiphase  
 
A multiphase flow can be defined as a flow of the mixture of more than one phase. A phase is a 
physical state of matter such as solid, liquid or gas. In the context of the project, the multiphase 
flow will be a mixture of released gas into the surrounded water body (liquid). In the simulation 
of multiphase flow, the released gas can be referred to as a dispersed phase. On the other side, the 
water and the atmospheric air will be referred to as continuous phase. In ANSYS Fluent the 
dispersed phase can be treated as a set of discrete particles (bubbles) in a method called Lagrangian 
[32].  
 
In Eulerian-Eulerian approach, the phases are considered as an inter-penetrating continua which 
means that the volume fractions are functions of time and space where the sum of the volume 
fractions is equal to one [33]. Navier-Stokes equations are derived for each phase in the controlled 
volume designed. The volume averaged Eulerian multiphase method will be assumed in this study 
as it accounts for the sharp interface of the gas-liquid interactions on the surface. [34]. 
 
3.2 Turbulence  
 
Fluid motion is referred to as turbulent if it is rotational, intermittent, highly disordered and 





Turbulence occurs when the Reynolds number (𝑅𝑒 =
𝜌𝑑𝑣
𝜇
 ) of flowing fluid ranges from 2000 to 
105 [36]. Eddies are the visualization of the turbulence phenomena in turbulent flows Turbulence 
can be considered to consist of eddies at different sizes as can be seen in Figure 16  [37]. The 
parallel black lines represent the streamlines in which they are parallel to the mean flow and 
represent the laminar flow. However, in turbulent flow, eddies of many sizes are superimposed 









3.3 Modeling Turbulence  
 
The motion of three-dimensional phenomena is described by Navier-Stokes equations. Many 
models and methods have been developed to model the turbulence (e.g. Direct Numerical 
Simulation (DNS), Reynolds-Averaged Navier Stokes (RANS) models, Algebraic Stress Models 






DNS has made a magnificent contribution in turbulence research as it solves the 3D time-
dependent Navier-Stokes equations for the whole system designed without the need of any 
turbulence models. DNS is the most expensive method to solve a flow problem due to the huge 
memory and computational speed required to accommodate for the small turbulence effects. In 
addition, it is not available in ANSYS Fluent [36] [37].  
 
The most widely used approach to model turbulence in multiphase problems is RANS models. 
RANS models focus on describing the mean flow and the effect of turbulence on the mean flow 
properties. Prior to the application of numerical methods, the Navier-Stokes equations are time 
averaged for all the resulted eddies. Extra terms appear in the time-averaged flow equations due 
to the interaction between various turbulent fluctuations. These extra terms are usually modeled 
using various methods. The most applicable one for the multiphase subsea gas release is the 𝑘 −  
model that added two new equations to the averaged equations. The first equation “k” describes 
the turbulence kinetic energy and the second equations is the turbulence dissipation " " which is 
the rate at which turbulence kinetic energy is converted into thermal internal energy [32], [36].  
 
Turbulence fluctuations are obtained by the decomposition of 3D time-dependent Navier-Stokes 
equations into mean and fluctuating components (e.g. velocity) described by the following, [32], 
[36] 
𝛟 = 𝝓 + 𝝓′                                                                                                                                 Equation 27 
where ϕ represents the instantaneous scalar quantity, ϕ is the time-mean value and 𝜙′is the 







∫ 𝝓(𝒙, 𝒕)𝒅𝒕 
𝒕+𝚫𝒕
𝒕
            𝒕𝟏 ≪ 𝚫𝒕 ≪ 𝒕𝟐                                                                            Equation 28 
Where t1 represents the time scale of the rapid fluctuations and t2 is the time scale of the slow 
motion (for time-dependent mean values e.g. for non-stationary turbulence) [32], [36].  
By applying the abovementioned equations to the Navier-Stokes equations, the Reynold Averaged 
Navier Stokes equations are formed.  
𝝏𝝆
𝝏𝒕


















(𝒖𝒊̀ 𝒖?̀?)                                                              Equation 30 
 
where 𝑢𝑖 represents the mean velocity, 𝑢𝑖̀  is the fluctuating velocity, 𝜈 the kinematic viscosity and 
the (𝑢?̀?𝑢?̀?) is the Reynolds-stress tensor represented by 𝜏𝑖𝑗.  
 
The stress tensor reflects the effect of turbulence that needs to be estimated to solve the Reynolds 
Averaged Navier-Stokes equations. Therefore, additional turbulence models must be provided to 
solve the abovementioned set of equation [35] [38].  
 
Reynolds stress tensors can be appropriately computed using the Turbulence Viscosity Hypothesis 
that was developed in 1877 by Boussinesq. It is referred to as “Eddy Viscosity Model” and it can 
be represented by the following equation [32], [36]  
𝝉𝒊𝒋 = 𝒖𝒊̀ 𝒖?̀? =
𝟐
𝟑



















𝟐)                                                                                                      Equation 32 
 
Where 𝛿𝑖𝑗(𝐾𝑟𝑜𝑛𝑒𝑐𝑘𝑒𝑟 𝑑𝑒𝑙𝑡𝑎) = 1 𝑖𝑓 𝑖 = 𝑗 𝑎𝑛𝑑 𝛿𝑖𝑗 = 0 𝑖𝑓 𝑖 ≠ 𝑗, 𝜅 is the turbulence kinetic 
energy and 𝜈 is the turbulence or eddy kinematic viscosity (not constant).  

















)                                                                  Equation 33 
 
There are different methods developed to solve for the kinematic viscosity with the corresponding 





Figure 17: Different models to calculate the kinematic viscosity to solve the Reynolds Averaged Navier Stokes Equations 




According to multiphase CFD models developed by Cloete et. al [39], Yapa et. al [31], Christos 
et.al [37], Olsen et. al [40] and Wu et. al [41], the Two-equation models are the most suitable 
method in addition to the mean –flow Navier-Stokes equations to model the subsea gas releases. 
There are many models under the two-equation models (e.g. 𝑘 −   model and 𝑘 − 𝜔 model). The 





dissipation rate of kinetic energy ( ) or the specific dissipation rate (𝜔). The choice of the second 
equation depends relies on the application. In the context of this project, the 𝑘 −   model is 
suitable for the modeling of multiphase subsea gas releases.  
 
3.3.1 Standard 𝑘 −   model  
 
The 𝑘 −   model is the most widely used and tested among all the models mentioned in Figure 
17. The standard 𝑘 −   model of Launder and Sharma [42] is defined as follows:  




                                                                                                                         Equation 34 














] − 𝜺 + 𝝉𝒊𝒋
𝝏𝒖𝒊
𝝏𝒙𝒋
                                                                       Equation 35 
 























                                                      Equation 36 
where 𝜎𝑡 = 1.0 and 𝜎𝜀 = 1.3 are the Prandtl numbers for 𝑘 and , respectively. The model constants 
are: 𝐶𝜇= 0.09, 𝐶𝜀1 = 1.44, 𝐶𝜀2 = 1.92.  
 
The model was not able to predict the accurately the flows with huge pressure and high release 
flowrates gradient and rotational movements which results in poor predictions in high depth / high 





3.3.2  RNG 𝑘 −  model 
 
This model is based on a statistical technique theory proposed by Yakhot and Orszag [44] called 
the Renormalization Group. The RNG k − ε  model is the modification of the standard k − ε  
model. 𝐶𝜇 is no longer constant but it is computed in RNG model by the eddy viscosity equation.  
 
The additional term added to the RNG k − ε  equations improved the accuracy of predicting the 
rapidly strained flows (high flow rates), the behavior near the near-wall region and the surface 
interactions [41], [45].  
 
The model is represented by the same kinematic eddy viscosity (𝜈𝑡) equation and turbulence 
kinetic energy (𝑘) equation, however, the modification comes as the following:  
  𝐶𝜀2 𝑖s computed by the following equation 






















where S indicates the mean strain-rate of flow and 𝑆𝑖𝑗 is the deformation tensor and the constant 
of the model are  𝐶𝜇 = 0.085, 𝐶𝜀1 = 1.42 𝐶𝜀2 = 1.68,  𝜎𝜀 = 𝜎𝑘 = 0.72 , 𝛽 = 0.012 𝑎𝑛𝑑  
 𝜂0 = 4.38.  
 
The RNG k − ε model will be used to model turbulence in this study due to the discrepancy of the 





interactions on the surface. The main reason for this discrepancy in that the standard 𝑘 −  does 
not account for the turbulence damping in the vicinity of a free surface. In addition, the RNG 
model is more responsive to the effects of rapid flows and account for many parameters that are 








4  THESIS OBJECTIVE  
 
While many approaches have been proposed for the description of underwater/subsea releases, 
these are not universal and still include deficiencies concerning plume turbulence, modeling high 
flowrate scenarios and describing the interactions on the free surface. All the above-mentioned 
deficiencies will influence the Quantitative Risk Assessment. The objective of this research is to 
investigate the available computational methods and propose the most appropriate model for 
subsea gas releases and to provide a better understanding of released fluids behavior. The research 
outcomes will refine the scope of subsea blowout risk management by identifying the 
consequences of the subsea gas releases on the surroundings in the State of Qatar offshore 
platforms. Computational Fluid Dynamics (CFD) has the ability to become an important tool in 
the future advancement of the understanding of the subsea gas. A detailed description of the model 
will be presented and discussed. The model will be verified against an existing experimental data 
measured by Engebrsten et al [1] before applying the model to Qatar’s offshore platforms 
conditions and properties. Then the developed model will be applied to investigate subsea gas 
released in Qatar’s offshore platforms. The model, in addition, will be used to provide reliable 
literature data to the offshore industry to cover the range of concern in depth/rate chart of known 







5  METHODOLOGY 
 
5.1 Selection of the experiment  
 
Any model that predicts a behavior of phenomena has to be validated against a trusted model or 
experimental data with a specified error criterion. According to Olsen (2015), scientists and 
engineers are trying to find the most credible model to understand subsea releases with the largest 
depths and highest flow rates possible. A trusted well-designed experiment is to be selected to 
validate a designed model [2]. Many experiments had been carried out to understand and model 




Table 2: Literature experiments for subsea gas releases  
 
Experiments  Water Depth (m) 
Release Rate 
(Nm3/s) 
Topham 1956 [46] 
23 0.06-0.65 
60 0.30-0.40 
Kobus 1968 [25] 4.5 - 5  0.00013-0.0062 
Fennelop & Sjoen 1980 [9] 9.9 0.005-0.022 
Milgram & Van Houten 1982 
[27] 
4 0.00021-0.00023 
Milgram 1983 [26] 50 0.024-0.95 
Loes & Fannelop 1989 [47]  50 0.6 -1.3  









From the above-mentioned table, the criteria for selecting an experiment is as follows:  
1- The accuracy of the data and information available based on a literature search.  
2- High flow rate.  
3- Depth.  
4- Times used to validate another model.  
 
Applying the above-mentioned criteria and a decision was made to select  SINTEF 1997 
experiment that was done by Engebrsten et al [1].  
 
Engebrsten et al.‘s [1] experiment was designed by Engebrsten from SINTEF, Northug from 
Statoil research center Norway, Sjoen from Statoil and Fannelop from ETH. The experiment had 
been carried out in a 7 m deep basin in Statoil’s research center releasing a mixture of air and 
helium at different flowrates. The parameters estimated were as follows:  
1- Vertical and horizontal plume velocity  
2- Void fractions in a vertical plume  
3- Vertical and horizontal gas concentration  
4- Bubble shape and movements.  
 
The experiment was conducted in pure fresh water with a video recorder at several positions. Air 
was released when parameters below the water surface were to be investigated. A mixture of 40% 
He and Air was released when the concentration measurements were to be investigated to simulate 
the buoyancy of the Natural Gas. The pressure was kept constant by a regulator depending on the 





case study in this thesis because of the accuracy of the measured parameters [48]. In addition, the 
experimental data was used to validate the three CFD models [41], [48], [49] and an integral model 
[10] because of the accuracy of measured data with the variety of the parameters recorded. The 
results were recorded at the surface and analysis of the gas transport above the bubble plume were 
carried out. Although the experiment’s depth is 7 m only, the experiment is reliable in our case 
because of the accuracy of measured data with the variety of the parameters recorded. Once the 
model is validated the depth will be expanded and varied as will be defined in case studies. 
 
5.2 CFD Modeling  
 
Computational Fluid Dynamics (CFD) is a computer-based mathematical tool for understanding 
and analyzing real flows through numerical simulations of some governing equations [50]. CFD 
provides cost-effective solutions by solving conservation of mass, momentum, and energy. These 
equations are used and combined together to form Navier Stokes equations [36]. Navier-Stokes 
equations are solved using an approximation of the partial differential equations by the set of 
algebraic equations [51]. In this project, ANSYS Fluent 18.1 will be utilized to solve the Navier-
Stokes equations (Appendix A) using a discretization method called “Finite Element Volume” 
where the governing partial differential equations are converted into algebraic equations with the 
assigned discrete elements [52]. There are a large number of packages in ANSYS Fluent 18.1 that 
are employed to solve the multiphase subsea gas release- presented in this work.  
 






1- Creating the geometry 
This is where the geometric model is build using the function in a preprocessor called ANSYS 
Fluent Design Modeler. The geometry represents the domain of the system which is going to be a 
2D framework of 6 m width by 10 m height and a release diameter of 10 cm in the middle. [32], 
[52].  
 
2- Mesh sizing 
In order to solve for the parameters required, the domain must be divided into numerical grid cells. 
It is also known as a mesh. The process is called mesh sizing and it is done in the preprocessor. 
ANSYS Fluent provides an adaptive way to do an estimate adaptive mesh sizing and the user can 
refine the mesh proposed if needed. [52]  
 
3- Model selection and boundary conditions 
The mathematical model and the parameters that describes the phenomena are selected once the 
geometry is set and the mesh sizing is done. The required boundary conditions are defined and 
tuned for the structured domain so the calculation activity can start. [52] 
The specification will be as follows:  
1- The simulation will be an unsteady state.  
2- Methane will be released into a body of water and there will 3 m of air above the surface 
of the water.  
3- Eulerian three phase will be selected for air, water, and methane.   
4- Turbulence model selected will be RNG 𝑘 −  model  





4- Calculation Activities  
A set of algebraic equations are yielded using the discretization method for each cell. This set of 
equations is solved using iterative methods with the help of the defined boundary conditions and 
models selected. Errors, also known as residuals, are computed after each iteration until the 
residuals become sufficiently small [52].  
 
5- Convergence  
When the residual values in the system reached to a small value (10-3 to 10-4), the convergence is 
reached. The residual can be calculated using the following equation,  
𝑅∅ =
∑ |∑ 𝑎𝑛𝑏∅𝑛𝑏 + 𝑏 − 𝑎𝑝∅𝑝|𝑛𝑏𝑐𝑒𝑙𝑙 𝑃
∑ 𝑃|𝑎𝑝∅𝑃|𝑐𝑒𝑙𝑙𝑠
 
Where, ∅ is the variable, 𝑎𝑛𝑏is the influence coefficients for the neighboring cells and 𝑎𝑝 is the 
center coefficient. Convergence is the indication of the success of the running simulation. In case 
of a steady-state simulation, the calculation stops once the convergence is reached [36], [52] 
 
6- Post processing  
Once the simulation is completed and converged, the solution can be seen for the parameters 
calculated in graphs, numerical values, contour maps and video animations to be analyzed and 
discussed [52]. The parameters of interest are:  
1- Concentration profile/centerline void fractions or centerline volume fractions of methane 
in the body of water and air.  
2- Rise time: the time it takes the plume from the release point to the water surface.  





4- Pressure  
5- The density of the gas.  
 
5.3 Validation of the designed model 
 
After the results (contour maps and graphs) are generated, the data will be plotted against the 
experimental data from Engebrsten et al. [1] to be studied and discussed. The graphs and data 
generated will as follows:  
1- Graphs of velocity vs. vertical distance from the source.  
2- Centerline Void fraction vs vertical distance from the source.  
3- Rise time data for each velocity simulation.  
4- Pressure contour maps will be presented. 
A comparison will be done between the experimental data and our simulation results. Errors will 
be calculated and discussed with a certain criterion. A conclusion will be drawn afterward.  
 
5.4 Qatar’s Case – expansion of the model  
 
Once the model is validated, it will be expanded to model Qatar’s offshore subsea gas releases. 
Different release flowrates will be simulated for different release diameters.  
In addition, part of depth/rate chart of known subsea gas releases proposed by SINTEF will be 














6  IMPLEMENTATION 
 
The main goal of the CFD modeling in this project is to construct a model to model subsea releases. 
The model should achieve reliable and accurate results. The method illustrated in section 5.2 will 
be followed to construct a subsea gas release model followed by a validation to assure the 
reliability of the designed model in predicting subsea gas releases.  
 
6.1 Creating the geometry  
 
The geometry was created in the design modeler in ANSYS Workbench identical to the 
experimental basin done by Engebrsten et al. [1]. A two-dimensional geometry was designed as 
follows: 
• Water Body Domain size: 6 m x 7 m 
• Release point: at 3 m in the x-axis (Center of the domain) 
• Release point: 0.1 m diameter 
 
An air body was added on the top of the water with a domain size of 6 m x 3 m. The purpose of 
the air body is to model surface interactions and to account for the backflow and fountain effects. 

























6.2 Mesh Sizing  
 
The geometry is to be divided into a uniform grid size distribution to solve for the desired 
properties. First, the geometry is exported to mesh step in the workbench. An automatic mesh is 
generated for the abovementioned geometry in Figure 19. The geometry was divided into 1396 
hexahedral cells. A mesh refinement step was carried on to improve the grid as it is required for 
the accuracy of the result. The first stage of the refinement stage can be shown in Figure 20 with 
3315 cells with finer grid sizes in the jet zone (release point) as this zone has a large gradient 














A second refinement stage was carried out to further improve the grid focusing on the surface to 
accurately describe the interaction in the surface zone. Growth rate, inflation option, and size 
function were varied to further improve the grid and achieve the desired mesh. This step was found 





plume dispersion and the areas with the large gradient change in flow variables. The 
abovementioned parameters were varied as follows:  
- Element size: 1 cm  
- Growth rate: 1.2  
- Inflation option: Fine  
- Size function: proximity and curvature  
 
An edge face meshing was added for the bottom to further improve the nodes in the release point. 
It divided the release point into 20 divisions with a uniform size function with a growth rate of 













A third refinement stage was carried out further improve the grid focusing on the surface to 
accurately describe the interaction in the surface zone. The following parameters (growth rate, 
inflation option) were kept as in the second stage but the element size was reduced to be 0.5 cm. 













With the developed three grids, one must be selected to perform the simulations. The solution may 
differ from a grid to another because of the difference in the mesh resolution. A mesh independence 
study was conducted on the three designs to assure that the solution is independent of the mesh 
resolution. The process is as follows:  
1- Run an initial simulation for the three cases and ensure convergence of residual error is 





2- Monitor the error resulted for values of interest (e.g., methane velocity at a certain depth) 
and compare the resulted errors. 
3-  
If convergence residuals and the velocity errors did not change, the solution is independent of the 




Table 3: Mesh independency study results 
 
Mesh cells 5 cm cell size 
1 cm size with a focus 
on the release point 
0.5 cm size with a focus 
on the release point 
No. of Cells 3315 9203 26879 
Simulation Residuals 10-1 to 10-2 10-3 to 10-4 10-3 to 10-4 
Methane Velocity 
Residuals 
 10-3 to 10-4  10-6 to 10-7  10-6 to 10-7   
Approx. Simulation 
Time 




The decision was taken to select the second refinement stage. The simulation’s residuals and the 
velocity’s residuals fall in the acceptable convergence range. In addition, the computational time 








6.3 Model Selection and Boundary Conditions  
 
After the model is designed and the mesh is ready, the system setup step is now activated in 
ANSYS Workbench where materials, models boundary conditions, solution activities and pre-
processing activities should be set. As mentioned in chapter 5, the Transient Eulerian-Eulerian 
model will be selected for the multiphase flow along with the RNG 𝑘 −  model to account for 
turbulence. In this section, phases were defined to be three for liquid, gas and liquid-gas mixed 
phase resulted by the dispersion of bubble plume in the water body. Materials were selected to be:  
- Air for the air body (atmosphere).  
- Water for the water body. 
- Methane: the released gas in the water body.  
 
6.3.1 Boundary Conditions  
 
Before running the simulation, the CFD should choose the appropriate Boundary condition to run 
the simulation. The choice was done based on the experimental conditions defined by Engebrsten 
et al. [1]. This section will illustrate all the conditions added to the system to be set to run the 
simulation.  
Inlet boundary condition: was set as a velocity inlet activated only for methane. The 
velocity of released methane was varied according to the experimental release conditions by 
Engebrsten et al. [1]. The velocity of water and air was assumed to be zero.  
Outlet Boundary: was set as pressure outlet at the atmospheric pressure and zero gradients for 





Interfaces: An interface was created to separate the water body and air body to specify the 
initial conditions. The specification of the initial conditions is referred to as the “Solution 
Initialization and Patching”. 
 
6.3.2 Solution Initialization and Patching 
 
In this section, the initial conditions are set automatically by the ANSYS Fluent by standard 
initialization method to run the simulation. Constant values are assigned to the parameters solved 
to start the simulation. Another step required in the solution initialization section is to patch the 
section. Patching is specifying different initial conditions to some sections in the designed grid. In 
this designed grid, the volume fraction of water have been specified to be equal to 1 in the water 
body. Similarly, in the air body, the volume fraction of air was specified as 1 to define the 













6.4 Calculation Activities  
 
The time stepping method selected to run the simulation is adaptive. The adaptive method gives 
an automatic determination of the time step size that is based on the estimation of the truncation 
error associated with the time integration scheme. The CFD user specifies a range in ANSYS 
Fluent to work along with the ending time of the simulation. Figure 24 shows one of the scenarios 
simulated using the adaptive method. The gas was released for 20 seconds with an adaptive time 
steps setting allowing time steps to range between two values as indicated below based on the 













6.5 Critical Parameters 
 
Some considerations must be taken into account before running the simulations.  
 
6.5.1 Non-release Scenario 
 
A non-release transient scenario was run first before injecting any gas into the body of water. The 
idea of running the simulation, without methane injection, is to define the water and air properties 
in both air and water bodies and to assure that the pressure distribution had developed. Figure 25 
shows the simulation results of the non-release scenario with the pressure distribution in the water 
body. As the depth increases, the pressure increases as well. As can be seen at the depth of 7 m, 













6.5.2 Solution Method,  
 
The continuity, momentum, and turbulence are derived from the Second-Order Upwind and 
QUICK, which are based on higher-order schemes. The higher the order the more accurate the 






6.5.3 Hardware and Software  
 
The calculations are achieved by submitting the ANSYS Fluent simulation files onto a high-





7  MODEL VALIDATION 
 
A subsea gas release experiment was conducted in Norway (1997) at Statoil’s Research center. 
The experiment was done by Engebrsten et al. [1] under the name of “Rotvoll”. The experimental 
findings were presented in a paper published in Engebrsten et al. [1]. 
 
The purpose of the experiment was to investigate a bubble plume resulted from underwater gas 
release and the dispersion of the gas near the surface. Series of releases were done in a basin filled 
with water. The experiment was conducted in a pool of 7m deep and a surface area of 6x9 m. 
 
The gas was released at 3 different rates according toTable 4. A pipeline was connected between 
the vessel and the point of the release to reduce the vertical momentum created by the bubble 
plume. In addition, a momentum breaker was installed to minimize the gas flow fluctuation [1]. 
The only information missing in this paper was the release diameter. To overcome the issue, an 




Table 4: Gas Flowrates in Rotvoll Experiment in Nl/s, Nm3/s, and m3/s 
 
Release Flowrate 
in Nl/s  
Release flowrate 
in Nm3/s  
Release Flowrate in 
m3/s  
85 0.085 0.05 
170 0.17 0.1 





In this chapter, the Rotvoll Experiment is simulated to validate the general model designed for 
subsea gas releases. Three sets of simulations were conducted illustrated in Table 5, the simulation 




Table 5: Summary of all sets of simulations conducted 
 
Set 1  Methane (const. density) release from 10 cm diameter 
Set 2  Methane (const. density) release from 17 cm diameter 




7.1 Set 1: Methane (const. density) release from 10 cm diameter 
 
As the inlet boundary condition is defined in ANSYS Fluent as velocity inlet. The velocity values 




Table 6: Set 1 of ANSYS Fluent Simulations- 10 cm release diameter.  
 
Diameter  0.1 m  
Radius  0.05 m  
Cases 
No.  Flowrates m3/s Area of the Release m2 





2 0.1 12.7 





The findings of each case will be presented as follows:  
- Pressure contour map. 
- Velocity and Volume fraction contour map. The data will be compared against the 
experimental results. The void fraction can be defined to be the fraction of the volume that 










Figure 26: Pressure Contour map at the end of the release 
 













The velocity and void fraction results were compared with the experimental data in Table 7 and 









Table 7: Simulation velocity results compared with the experimental data 
 
Simulation  Experimental data for 0.05 m3/ s  
Error 
%  Centerline Velocity 
(m/s)   
Centerline 
Velocity (m/s)   
Vertical 
Distance (m)   
0.83 1.83 5.8 
73 3.48 2.13 3.81 




Table 8: Simulation void fraction results compared with the experimental data 
 
Simulation  Experimental data for 0.05 m3/ s  
Error 
% 
























Figure 29: Pressure contour map 
 
 















The velocity and void fraction results were compared with the experimental data in Table 9 and 











Table 9: Simulation velocity results compared with the experimental data 
 
Simulation  Experimental data for 0.1 m3/ s  
Error 
%  Centerline Velocity 
(m/s)   
Centerline 
Velocity (m/s)   
Vertical Distance (m)   
2.481 2.1 5.8 
48.9 3.722 2.43 3.81 




Table 10: Simulation void fraction results compared with the experimental data 
 
Simulation  Experimental data for 0.1 m3/ s  
Error 
%  
Void Fractions % 
Void Fractions 
% 
Vertical Distance (m)   
12.1 8.3 5.8 
205 50 11 3.81 












Figure 32: Pressure contour map 
 























Table 11: Simulation void fraction and velocity results compared with the experimental data 
 
Simulation  
Experimental data for 0.45 
m3/ s  
Error 






Distance (m)   
38.5 20 5.8 83.5 
Simulation  
Experimental data for 0.45 




Velocity (m/s)   
Centerline 
Velocity 
(m/s)   
Vertical 
Distance (m)   
  




7.1.4 Discussion  
 
The simulation data did not agree with the experimental results for both the velocity and the 
























The errors are very high and this setup cannot be taken as a model for subsea gas releases. The 
Rise time parameter was checked and compared with the experimental rise time of the plume. The 





Table 12 shows the rise time for both the simulation and the experimental data. The error was found 
to be high as well for the different flowrates simulated. The design of the abovementioned model 













Table 12: Simulation and experimental rise time of the bubble plume 
 
Flowrate m3/s  
Simulation 
Rise Time (sec) 
Experiment Rise Time  
Error 
%  
0.05 4.6 6.0 23.3 
0.1 3.3 4.8 31.3 




After exploring many literature papers and reports by SINTEF, it was found that the exact release 
diameter was 17 cm, not the assumed 10 cm. The next set was conducted with the 17 cm release 





7.2 Set 2: Methane (const. density) release from 17 cm diameter 
 
As done in Set 1, the Inlet Boundary Condition is defined in ANSYS Fluent as Velocity Inlet. The 




Table 13: Set 2 of ANSYS Fluent Simulations- 17 cm release diameter 
 
Diameter  0.17 m  
Radius  0.085 m  
Cases 
No.  Flowrates m3/s Area of the Release m2 





2 0.1 4.4 




The findings of each case will be presented as follows:  
- Velocity and Volume fraction contour map. The data will be compared against the 
experimental results. The void fraction can be defined to be the fraction of the volume that 
is occupied by the gas phase. 
 
The experimental velocity and void fraction data were recorded after the pseudo-steady-state flow 
is reached. There were no data available on the exact time required to reach to the pseudo-steady-
state flow where the flow is stabilized with no fluctuation. However, in order to make achieve the 





were monitored and recorded every 0.01 seconds. Once the flow data are stabilized, the assumption 










Figure 37: Methane Volume Fraction counter map 
 




The pseudo-steady-state condition was reached in the 0.05 m3/s methane release after 11.5 
seconds. The velocity and void fraction results were compared with the experimental data in Table 


















Table 14: Simulation velocity results compared with the experimental data 
 




(m/s)   
Centerline 
Velocity (m/s)   
Vertical 
Distance (m)   
2.8 1.83 5.8 
57.9 3.3 2.13 3.81 




Table 15: Simulation void fractions results compared with the experimental data 
 
Simulation  Experimental data for 0.05 m3/ s  
Error 
% 




Distance (m)   
11 5.7 5.8 
87.0 
16.5 8.3 3.81 












Figure 39: Velocity contour map 
 




The pseudo-steady-state condition was reached in the 0.1 m3/s methane release after 14.2 seconds. 
The velocity and void fraction results were compared with the experimental data in Table 16 and 









Table 16: Simulation velocity results compared with the experimental data 
 
Simulation  Experimental data for 0.1 m3/ s  
Error 
%  Centerline Velocity 
(m/s)   
Centerline 
Velocity (m/s)   
Vertical Distance (m)   
2.92 2.1 5.8 
48.7 3.6 2.43 3.81 





Table 17: Simulation void fraction results compared with the experimental data 
 
Simulation  Experimental data for 0.1 m3/ s  
Error 
%  
Void Fractions % 
Void Fractions 
% 
Vertical Distance (m)   
22 8.3 5.8 
125.2 
27 11 3.81 












Figure 41: Velocity Contour Map 
 




The pseudo-steady-state condition was reached in the 0.45 m3/s methane release after 5.1 seconds. 









Table 18: Simulation void fraction and velocity results compared with the experimental data 
 






(m)   
27.5 20 5.8 
Simulation  Experimental data for 0.45 m3/s  
Centerline 
Velocity (m/s)   
Centerline 
Velocity (m/s)   
Vertical Distance 
(m)   







7.2.4 Discussion  
 
As the flow rate increases, the force resulted from buoyancy, turbulence and the drag force increase 
which entrains the liquid upward. In addition to the increase in the horizontal dispersion of the gas 
in the water body. The higher the flow rate, the less time taken to reach to the surface.  
 
As can be seen in both Figure 43 and Figure 44, the velocity and volume fraction simulation results 




















The velocity and methane volume fraction results show an improvement compared to the 10 cm 
case with the experimental data with an average error of approximately 45 % compared to 73 % 
in the previous set for velocity measurements. The error values are still too high and not acceptable 
for the methane volume fraction measurements. The wrong predictions of velocity and volume 
fractions in case of the high flow rate scenarios had a big contribution in the error resulted and it 







Table 19. The rise time for the 3 cases is approximately 1 second earlier compared to the 






Table 19: Rise Time data 
 
Flowrate m3/s  
Simulation 
Rise Time (sec) 
Experiment Rise Time  
0.05 5.04 6.0 
0.1 3.9 4.8 




The density of the gas changes as the depth increases. In order to simulate a real release of gas, the 
equation of state should be activated in ANSYS Fluent to account for the change in released gas 
density. For the shallow depths, the ideal gas law is to be used [2]. 
 
One possible cause of the big error resulted is that the inlet boundary condition was selected as a 
velocity inlet to release the methane with a certain velocity in each case. Velocity inlet boundary 
condition is used in case of incompressible flows. This type of inlet is intended to be used for the 
incompressible flows. In this type of inlets, the flow properties vary to accommodate for the 
prescribed velocity distribution. Using the velocity inlet, in case of the compressible flows can 
lead to wrong predictions and non-physical results. In addition, placing the velocity inlet in small 
geometries or near walls may have a great effect on the solution. The mass flow inlet boundary 






The suggested solution to overcome the volume fraction issue was to let the methane gas behave 
as an ideal gas law. In addition, the inlet boundary conditions will be changed to mass flow inlet. 
The next set will simulate the same three simulations done in this section but with assuming that 






7.3 Set 3: Methane (ideal gas) release from 17 cm diameter 
 
The inlet boundary condition is defined in ANSYS Fluent as Mass flow inlet. Three simulations 




Table 20: Set 3 of ANSYS Fluent Simulations- 17 cm release diameter 
 
Diameter  0.17 m  
Radius  0.085 m  
Cases 




2 0.1 0.06 




The findings of each case will be presented as follows:  
- Velocity and volume fraction contour map. The data will be compared against the 
experimental results. The void fraction can be defined to be the fraction of the volume that 
is occupied by the gas phase. 
 
The released methane will be simulated as an ideal gas. There are some parameters defined for the 
other phases before simulating the three cases according to the following:   




The viscosity of the water phase = 0.001003
𝑘𝑔
𝑚.𝑠





A uniform temperature distribution was assumed to be equal = 15 ℃ 









The density distribution of the methane gas will follow the ideal gas behavior. For shallow 
waters as indicated in chapter 2, the assumption of the ideal gas will be assumed and then the 
density can be defined as the following:  
𝑷𝒍𝑴𝒘 = 𝝆𝑹𝒈𝑻                                                                                                                 Equation 38 
 
Where 𝑃𝑙 can defined as the hydrostatic pressure of the surrounding water, 𝑅𝑔 is the gas constant 













Figure 45 shows the methane gas density using the ideal gas law as a function of depth at 25oC 











Figure 46: Velocity contour map 
 




The velocity and void fraction results were compared with the experimental data in Table 21 and 










Table 21: Simulation velocity results compared with the experimental data 
 
Simulation  Experimental data for 0.05 m3/ s  
Average Error 
%  Centerline Velocity 
(m/s)   
Centerline 
Velocity (m/s)   
Vertical 
Distance (m)   
1.85 1.83 5.8 
2.5 2.19 2.13 3.81 










Table 22: Simulation void fractions results compared with the experimental data 
 
Simulation  Experimental data for 0.05 m3/ s  
Average Error 
% 




Distance (m)   
6.3 5.7 5.8 
18.0 
10 8.3 3.81 









Figure 48: Velocity contour map 
 












Table 23: Simulation velocity results compared with the experimental data 
 
Simulation  Experimental data for 0.1 m3/ s  
Average Error %  Centerline 
Velocity (m/s)   
Centerline 
Velocity 
(m/s)   
Vertical Distance 
(m)   
2.17 2.1 5.8 
2.1 2.5 2.43 3.81 




Table 24: Simulation volume fraction results compared with the experimental data 
 
Simulation Experimental data for 0.1 m3/ s  





(m)   
8.3 8.3 5.8 
2.5 
11 11 3.81 














Figure 50: Velocity contour map 
 















Table 25: Experimental and simulation data for both the void fractions and the velocity 
 
Simulation  Experimental data for 0.45 m3/s  
Error 





(m)   
21 20 5.8 5.0 




Velocity (m/s)   
Centerline 
Velocity 
(m/s)   
Vertical Distance 
(m)   
  




7.3.4 Surface Zone  
In the free water surface zone, the movement of the rising water is different. The rising water 
deflected in a radial movement upon reaching the surface zone due to the momentum of the 
entrained water plume as shown in Figure 52. The figure shows the elevation of the water surface 
leading to a formation of the water fountain. The vectors indicate the radial movement and the 





















As the flow rate increases, the force resulted from buoyancy, turbulence and the drag force 
increases which entrains the liquid upward. The higher the flow rate, the less time taken to reach 
to the surface.  
 
Both Figure 53 and Figure 54 show the velocity and the volume fraction profiles for different flow 
rates. The velocity and volume fraction simulation results are compared against the experimental 
























The velocity and volume fractions simulation results show an excellent agreement with the 
experimental data in Figure 53 and Figure 54 with an average error of 2 % and 8.5 % respectively. 
The simulation results follow the same behavior as the experimental data. Unlike the results from 
the SINTEF model, the errors are very high compared to our developed model and the model fails 
to predict accurate data on the surface. The improvements implemented (e.g. RNG 𝑘 −  model 





The RNG 𝑘 −  model proved its efficiency in modeling strained/high flows. This is due to the 
extra terms added to its equations that accounted for swirl motions resulted from the high 
turbulence and the behavior near the near-wall region and the surface interactions [55].  
 
The rise time data were reported for the 3 cases in Table 26, the rise time for the 3 cases matches 




Table 26: Rise Time data 
 
Flowrate m3/s  
Simulation 
Rise Time (sec) 
Experiment Rise Time  
0.05 5.4 6.0 
0.1 4.8 4.8 




The improvements implemented in this set were sufficient to get an accurate model. The model 
setup can be used sufficiently to model subsea gas releases in shallow waters. The model will be 
extended to model subsea releases in different shallow water depths and different releases 






8  50 METERS SIMULATIONS  
 
The main objective of this project was to develop a general model for shallow waters subsea gas 
releases. The model was developed and verified against Rotvoll experimental data in the previous 
chapters. Figure 18 illustrates the range that the previous experiments covered. Compared to the 
flowrates and depths associated with the offshore industry, the experimental data provides very 
limited information to be used in the risk assessment. SINTEF had proposed a depth/rate range of 
concern showed in Figure 18 that should be investigated and analyzed [2].  
 
The aim is to create a database by simulating most of the scenarios in the range of concern to get 
an insight on the behavior of the bubble plume when a subsea release occurs. The developed model 
in the previous chapter proved its reliability in predicting the behavior of bubble plume in subsea 
gas releases in shallow waters. The model will be extended to simulate different methane flowrates 
from the range of the concern. The new geometry will be a representation of the Arabian Gulf 
waters with a depth of 50 m.  
 
Three Scenarios were defined to be simulated using the developed CFD model shown in Table 27. 
The diameter of release was assumed to 25 cm to start the first set of simulations. Three simulations 
































8.1 Model Setup – Depth Modification 
 
The model was modified by extending the water body depth to 50 m, the air body depth to 5 m 









The mesh was updated automatically by the meshing in the ANSYS Workbench. The simulation 
was performed with 113838 quadrilaterals cells.  
 
The simulation setup is ready to edit the flow properties and set the initial and the boundary 
conditions. The chemical and physical properties were kept the same except the mass flow rate 






8.2 Set 1: Methane release from 25 cm diameter in 50 m depth  
 
The inlet boundary condition is defined in ANSYS Fluent as Mass flow inlet. Three simulations 




Table 28: Set 1 of ANSYS Fluent Simulations- 25 cm release diameter. 
 
Diameter  0.25 m 
Radius  0.125 m  
No.  Mass Flowrates m3/s Area of the Release m2 
1 20 





The findings of each case will be presented as follows:  
- Volume fraction contour map.  
- Rise Time  
 
The simulation was done using the Supercomputer Hardware RAAD2 at Texas A&M University 
at Qatar. The simulation was run using 48 CPUs (12 times the normal computer) and each 
simulation took around 44 hours to converge.  
 
It has been found that the surrounding pressure at the release point is approximately 5 bar. A non-





The following equations was used and the results are shown in  
 
 














Table 29: Chocked / non-chocked flow test 
 













It was found that starting from a flowrate of 26 kg/s, the flow will be chocked. The flow can be 
referred to as supersonic.  
 
8.2.1 Case 1 & 2 – 20 kg/s & 50 kg/s release of Methane 
 
Figure 56 and Figure 57 show the volume fraction contour maps of 20 kg/s and 50 kg/s release of 

















Figure 56: Volume fraction contour map for 20 kg/s  
 
 









8.2.2 Case 3 – 100 kg/s release of Methane 
 
Figure 58 shows the volume fraction contour map of 100 kg/s release of methane from 25 cm hole 














8.2.3 Discussion  
 
The contour maps of the simulation were presented in the above sections. The verification of the 
model in the last chapter gave an insight of the reliability of the model to predict the subsea gas 
releases in shallow waters. Refer to Appendix 2 for velocity contour maps. The velocity decreases 
as moving upward. The velocity remains constant after it reaches to the middle of the geometry as 
the force exerted from the release vanished. This is where the diffusion of the bubble plume starts 
in the sea. As can be seen in the volume contour maps, the gas is diffusing in the water body 
reaching the edges and escaping to the surface, unlike the 7 m depth scenario where the diffusion 
was unlikely to occur. If the first case is to be considered as a real offshore scenario. If methane 
was released from a 25 cm hole at 20 kg/s, only 27 % of the released gas will escape to the surface. 
A similar investigation was done for the other cases. 30 to 40 % of the released gas will escape to 

















There are several parameters that are important for safety assessments and must be determined 
and reported as,  
- Rise time  
- Percentage of the gas escaped the water body 
- Surface flux: which is going to be the input for the dispersion model used to analyze the 
surface.  




Table 31: Parameters estimated from 50 m simulations 
  
Flowrate kg/s  
Simulation 
Rise Time (sec) 
Methane Percentage 
on the surface % 
Mass Flux 
(kg/m2.s) 
20 12 27 0.035 
50 8 33 0.109 




It is believed that the random shape generated in the volume fraction contours were due to the high 
resolution of the mesh. The geometry was divided into more than 116 k nodes which is too high. 
A mesh study must be conducted to adjust the mesh to be more focused on the predicted shape of 
the bubble plume. The width of the geometry plays an important role in the dispersion of methane 
as methane collapse onto the wall and disperse back to the water body. It is believed that this 





element size and increase the width of the geometry to 50 m to eliminate the effect of the walls on 






8.3 Set 2: Methane release from 25 cm diameter- modified geometry 
 
The model was modified by extending the water body’s width to 50 m, the air body’s depth to 10 
m and the release diameter was kept as 25 cm. The mesh was generated by reducing the element 
size to 50 cm. The simulation was performed with 16k quadrilaterals cells. The inlet boundary 
condition is defined in ANSYS Fluent as Mass flow inlet. The same flowrates were tested again 
using the new geometry. The findings of each case will be presented as follows:  
- Volume fraction contour map.  
- Rise Time  
 
The simulation was done using the Supercomputer Hardware RAAD2 at Texas A&M University 
at Qatar. The simulation was run using 48 CPUs (12 times the normal computer) and each 
simulation took around 33 hours to converge.   
 
8.3.1 Case 1 & 2 – 20 kg/s & 50 kg/s release of Methane 
 
Figure 59 and Figure 60 show the volume fraction contour maps of 20 kg/s and 50 kg/s releases 














Figure 59: Volume fraction for 20kg/s 
 




8.3.2 Case 3 – 100 kg/s release of Methane 
Figure 61 shows the volume fraction contour map of 100 kg/s release of methane from 25 cm hole 
























Figure 59, Figure 60 and Figure 61 represent the volume fraction contour map results from the 
release of methane at different flow rates. The width has no effect now on the dispersion of 
methane on both the water and air bodies. As the flow rate increases, the rise time decreases and 
the more methane escapes to the surface. The rise time, methane percentage on the surface, mass 









Table 32: Parameters estimated from expanded 50 m simulations 
 
Flowrate kg/s  
Simulation 
Rise Time (sec) 
Methane Percentage 
on the surface % 
Mass Flux 
(kg/m2.s) 
20 9 27 2.8 
50 7 33 4.2 




If the third case is to be considered as an offshore real case scenario. If methane was released at 
100 kg/s from 25 cm release diameter, it will reach to the surface and disperse in the air body 
within 7 seconds. The percentage of the methane on the surface will be approximately 42 % with 
a mass flux of 7.5 kg/m2.s covering a big area of 500 m2 (an area of 50 m width by 10 m height). 
According to the methane MSDS, the Lower Flammability Limit (LFL) and Upper Flammability 
Limit (UFL) of methane is 4.4% and 17 % respectively. The methane will not ignite in an area of 
50 m width by 10 m high, however, the methane will keep dispensing and eventually it will ignite 
once methane percentage falls between LFL and UFL percentage ranges. The specified area of 50 
m by 10 m  will be considered as a toxic zone having very lethal concentrations of methane [56]. 
 
According to Olsen (2015), the aim of developing a general CFD model for shallow water is to 





this model covered part of the range of the concern suggested in Figure 62. The blue dots represent 














8.3.4 H2S Preliminary Study 
 
In Qatar’s offshore industry, natural gas is abundant and produced in large quantities. Qatar’s 
natural gas is mainly methane with many impurities (e.g. H2S, etc…). H2S poses high risk by being 
a lethal toxic gas, slightly soluble in water and colorless gas. The Occupational Safety and Health 
Administration General Industry’s Permissible Exposure Limit is a ceiling of 20 ppm with a 50 
ppm 10-minute peak allowed once during an 8-hour shift. The National Institute for Occupational 
Safety and Health Immediately Dangerous to Life and Health concentration for H2S is 100 ppm. 
In case of subsea gas releases incidents, usually, the gas released contains a percentage of H2S. 
Thus a preliminary study was conducted to check the percentage of the H2S dispersing on the 
surface in case of subsea gas release incident took place. The preliminary study will assume the 
following:  
- Sour natural gas with 0.7 % of H2S will be investigated,  
- There will be no gas dissolution in the water body, 
- The H2S will follow the same behavior as the methane meaning that in case of 100 kg/s 










Table 33 represents the H2S ppm levels on the surface knowing that 0.7 % of H2S is released with 
methane. The preliminary study gives an insight into the worst case scenarios of H2S levels 









Table 33: H2S ppm dispersing on the surface 
 
Flowrate kg/s  
H2S 
Percentage on 
the surface % 
H2S level  
ppm 
20 0.19 1890 
50 0.23 2310 








Table 33, the H2S ppm levels are very high ranging from 1890 ppm to almost 3000 ppm compared 
to Dangerous to Life and Health concentration of 100 ppm. The H2S dispersion cannot be neglected 
in case of any subsea gas release as it will cause death to all workers in the offshore platform. In 
addition, the H2S will keep dispersing in the air and might reach to other platforms. If the 





9  CONCLUSION AND FUTURE WORK  
 
The main objective of this thesis is to improve a general CFD framework using the state of the art, 
previous CFD models and different configurations to model subsea gas release. First, the 
importance of modeling subsea gas releases was addressed from a process safety point of view 
followed by repeated incidents happened in the industry. These incidents raised the awareness to 
predict such phenomena as it will help in both incidents investigation and planning a proper 
emergency response. There are two types of models to simulate subsea release, the integral models, 
and the CFD models. In chapter two, different integral models were discussed and analyzed. The 
integral models showed lots of deficiencies in accounting of turbulence and predicting the 
dispersion/interactions on the surface zone. On the other side, recent studies on CFD tools showed 
fair performance but still there is a large area for improvements. First, a CFD model was developed 
using Eulerian – Eulerian approach and the RNG 𝑘 −  model and tested against the Rotvoll 
experimental data by the various simulations preformed. The overall simulation results are found 
to yield very good agreement with the experimental data. The model was further expanded to 
model Arabian Gulf subsea gas release cases in Qatar. The conducted simulations also covered 
part of the range of concern (depth / rate) chart developed by Oil & Gas offshore companies. 
Finally. An H2S preliminary release study concluded that the H2S levels at the surface are 
significant and cannot be neglected in case of subsea gas releases risk assessment.  
 
Further work on the model is necessary to improve the accuracy of the risk assessment for subsea 





1- Cover bigger part of the range of concern (Figure 62) by SINTEF by simulating different 
scenarios at more release depths and rates.  
2- Phenomena that need to be added and enabled in the model to further improve the setup.  
- Sea current: it has a great effect on the gas released due to the relative low buoyancy of the 
gas. For example, recreating the ocean currents by defining new vertical water boundaries 
as velocity inlet or patch in pre-calculated velocity values in both x and y directions.  
- H2S: include different composition of H2S, CO2 and different NG’s impurities.  
- Gas dissolution: a study has to be carried out to check the effect of impurities included with 
methane on the dispersion of the released gas in the water body. The study should conclude 
whether the effect of gas dissolution should be included or not. 
- Water stratification effect will be included in by defining different water properties (e.g. 
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APPENDIX A: CFD GOVERNING EQUATIONS 
 
Most of the CFD applications are developed based on the fundamentals of governing equation of 
fluid dynamics which are the conservation of mass, momentum, and energy.[51]. In ANSYS 
Fluent, the software solves the conservation equation of mass and momentum. However, for the 
energy equation, it requires the enabling of the heat transfer or compressibility to be included in 
the solving process [32].  
 
Conservation of mass 
According to the Transport Phenomena book by Bird et al. [51], the conservation of mass or the 
continuity equation can be represented for both incompressible and compressible flow as 
follows,   
𝝏𝝆
𝝏𝒕
+ 𝛁 . (𝝆?⃗? ) = 𝟎                                                                                                              Equation 39 
 
Where 𝜌 is the density and 𝑣  is the velocity vector for three dimensions which is represented by  
𝑽𝒊⃗⃗  ⃗ = 𝒖𝒊 ?̂? + 𝒗𝒊 𝒋̂ + 𝐰𝐢 ?̂?                                                                                                     Equation 40 
 

















Conservation of momentum 
 
The conservation of momentum is defined in ANSYS Fluent as follows [51]:  
𝝏
𝝏𝒕
(𝝆?⃗? ) + 𝛁 . (𝝆?⃗? ?⃗? ) = −𝛁𝐩 + 𝛁. (?̿?) +  𝝆?⃗⃗?                                                                      Equation 42 
 
Where p is the static pressure, g is the gravitational body force and τ̿ is the stress tensor given by 
the following equation [36],  
?̿? =  𝝁 [ (𝛁?⃗? + 𝛁?⃗? 𝐓) −
𝟐
𝟑
𝛁 . ?⃗? 𝐈]                                                                                       Equation 43 
 
Where I is the unit tensor and 𝜇  is the molecular viscosity.  
 
For the incompressible flow, the momentum equations can be represented as follows for the 













































































] + 𝝆𝒈𝒛                           Equation 46 
 
Some books [36], [50], [57] add an extra term to the abovementioned equation which is the 







APPENDIX B: 50 METERS CONTOUR MAPS 




























Figure 65: Velocity contour map 
